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Abstract 

I identified suitable locations for highway wildlife crossing mitigations across the TransCanada 

Highway (TCH) in the area of Mount Revelstoke and Glacier National Park (MRGNP), British 

Columbia. Highways fragment natural landscapes leading to habitat loss, reduced ecosystem 

connectivity and direct wildlife mortality though motor vehicle collisions. Grizzly bears (Ursus 

arctos) are vulnerable to the effects of habitat and population fragmentation. Highway wildlife 

crossing mitigations improve ecosystem connectivity by increasing the permeability of 

transportation corridors to wildlife. I identified high-quality habitat patches using a resource 

selection function (RSF) based on 1,703 radio telemetry locations from 59 grizzly bears.  Least-

cost path analysis (LCP) among habitat patches identified 6 linkage zones across the TCH. 

Electric circuit theory was used to generate current maps that classify linkage zones as high-

volume crossing areas or tenuous linkages. Linkage zones occurred where high-quality habitat 

aligned with physical features conducive to cross-valley wildlife dispersal.    
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Introduction 

 

Ecosystem connectivity is the degree to which physical habitats (eg. vegetation 

communities, topography) and ecological processes (eg. predation, decomposition, productivity) 

are continuous within a given landscape (Crist, Wilmer, & Aplet, 2005; Frair, Merril, Beyer, & 

Morales, 2008; Proctor, McLellan, Strobeck, & Barclay, 2005; Tischendorf & Fahrig, 2000).  

The inverse of ecosystem connectivity is habitat fragmentation, which is one of the greatest 

threats to biodiversity (Wilcox & Murphy, 1985).  Roads are among the most prominent human-

made features in landscapes (Sanderson et al., 2002) and their extensive network has contributed 

to natural areas becoming increasingly fragmented and biologically impoverished (Forman et al., 

2003; Trombulak & Frissell, 2000).   

The theory of island biogeography (MacArthur and Wilson, 1967) gave rise to the widely 

studied idea of wildlife corridors, where patches of quality habitat are linked though corridors of 

similar habitat, partially restoring ecosystem integrity (Noss, 1987). Highway mitigation 

measures such as wildlife crossing structures, underpasses and designated slow zones are 

designed to link critical habitats by promoting safe animal movements across busy roads 

(Clevenger & Wierzchowski, 2006). It is essential to incorporate landscape patterns and 

processes into the process of locating effective highway mitigations for wildlife (Chetiewicz, St. 

Clair, & Boyce, 2006).  In this study, locations to mitigate highways as barriers for wildlife 

movement in Mount Revelstoke and Glacier National Park are determined through analysis of 

spatially explicit data on grizzly bear (Ursus arctos) habitat selection.  
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The expansion of human transportation networks has had a profound impact on wildlife 

populations, including grizzly bears (Mattson & Merrill, 2002, Proctor et al., 2005; Proctor, 

Paetkau et al., 2012).  Landscape level developments such as railways, highways and forest 

harvesting operations have the additional effect of limiting wildlife movements through habitat 

fragmentation (Forman et al., 2003) and the barrier effects of roads have a significant ecological 

impact (Forman & Alexander 1998).  Grizzly bears avoid habitat where roads have been 

developed, resulting in habitat loss (McLellan & Shackelton, 1988), alteration of individual 

movement patterns (Proctor, Paetkau et al., 2012), changes in population dynamics and structure 

(Proctor, Paetkau et al., 2012), and ultimately, changes in ecosystem composition (Nathan et al., 

2008).  Proctor, Paetkau et al. (2012) found that human settlement associated with highways is 

the most important fragmenting force affecting grizzly bear habitat.  Grizzly bears are wide-

ranging carnivores with large area requirements, relatively low densities and low reproductive 

rates, making them particularly sensitive to habitat loss and fragmentation (Carrol, Noss, & 

Paquet, 2001; Chruszcz, Clevenger, Gunson, & Gibeau, 2003; Northrup et al., 2012). How 

grizzly bears select habitats in the face of natural and anthropogenic disturbances is an indicator 

of how this species is attempting to meet its ecological needs in a changing environment 

(Proctor, Paetkau et al., 2012).   

Grizzly bear habitat selection has been shown to be inversely related to the number of 

roads and intensity of human access in an area (Mace,Waller, Manley, Lyon, & Zuuring, 1996; 

Proctor, Servheen, Kasworm, & Radandt, 2008).  Gibeau, Herrero, McLellan, and Woods (2001) 

found that busy highways with high speed, high volume traffic overrides a bear’s attraction to 

high quality habitat in the Bow Valley area of Alberta, Canada. Gibeau et al. (2001) also 
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observed gender differences in bear response to roads. Female grizzly bears will remain further 

from paved roads at all times, while male grizzly bears will approach roads during periods of 

least human activity (Gibeau et al., 2001). Proctor, Paetkau et al. (2012) also observed a 

differential tendency to fragmentation between male and female grizzly bears, with females 

being increasingly fragmented with development.  Adult females emerged as the most risk averse 

cohort of bears, choosing to avoid humans instead of occupying high quality habitat (Gibeau et 

al., 2001). In a study focused on the spatial distribution of human-caused grizzly bear mortalities, 

Nielsen et al. (2004) observed a positive correlation between bear mortalities and edge features 

with human access. Edge features were commonly created along roads that contributed 

significantly to mortality. 

 Roads have had a profound impact on patterns of wildlife mortality.  The Trans-Canada 

Transportation Corridor bisects the wilderness of MRGNP (Parks Canada, 2010) and travel 

corridors such as the Trans-Canada Highway (TCH) have seen a dramatic increase in traffic 

volume in recent years (Clevenger, Chruszcz, & Gunson, 2001) resulting in direct wildlife 

mortality from vehicle collisions.   Such mortality poses a serious threat to ecosystem stability 

through effects on large animal persistence (Nielsen et al., 2004).   Unpredictable and sometimes 

catastrophic cascades of ecosystem change are common as large, vulnerable keystone predators 

such as grizzly bears are removed from ecosystems (Polis & Strong, 1996; Sinclair, Mduma, & 

Brashares, 2003). Persistent loss of individuals along habitat edges serves to fragment habitats 

and populations and creates unstable community dynamics that have implications for the ability 

of wide-ranging species to persist (Dixon et al., 2007). 
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Habitat fragmentation from roads results in population fragmentation in which animal 

populations are isolated into small, less viable units. Population fragmentation poses a threat to 

large mammal persistence and is a contributing cause to what has been a called an extinction 

crisis (Wilcox & Murphy, 1985). The effect of population fragmentation on grizzly bears is two-

fold: demographic dysfunction from limited female dispersal (Woodroffe & Ginsberg, 1998) and 

the cessation of gene flow (Epps, Wehausen, Bleich, Torres, & Brashares, 2007; Proctor et al., 

2005).  Genetic analysis of grizzly bears in southeast British Columbia revealed genetic 

fragmentation in grizzly bear populations across Highway 3 (Proctor et al., 2005). Through 

genetic analysis, Proctor et al. (2005) showed that highways limited female grizzly bear 

dispersal, thereby altering demographic processes. Grizzly bear populations in southern British 

Columbia are thought to be an important source of demographic and genetic variability for 

grizzly bear populations in the US and Alberta, as well as a link to larger grizzly bear 

populations in the northern Canada and Alaska (McLellan & Hovey, 2001).  When grizzly bear 

dispersal is limited by habitat fragmentation in southern British Columbia, the risk of declining 

grizzly bear genetic diversity throughout the Rocky Mountains is increased (Proctor, Paetkau et 

al., 2012). 

Conservation efforts aimed at promoting ecological connectivity have been prioritized in 

response to the deleterious effects of habitat fragmentation from transportation corridors 

(Clevenger & Wierzchowski, 2006). Connecting habitat patches is a widely accepted 

conservation strategy for dealing with habitat fragmentation (Beier, Majka, & Spencer, 2008; 

Chetkiewicz et al., 2006; Noss, 1987). Corridors that connect otherwise isolated habitat patches 

facilitate genetic dispersal, demographic processes and metapopulation dynamics (Clevenger et 
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al., 2001).  Highway mitigations such as wildlife crossing structures, underpasses and slow zones 

have been shown to reduce wildlife mortality, increase ecosystem connectivity and promote 

public safety (Huijser & Paul, 2008).   

Thoughtful placement of highway mitigations along road corridors is required to ensure 

their efficacy for wildlife populations (Clevenger, Wierzchowski, Chruszcz, & Gunson, 2002).  

Placement is often informed by the spatial distribution of wildlife-vehicle collisions (Hurley, 

Rapaport & Johnson, 2009). Although effective for most ungulates, this approach may not be 

ideally suited for species with large habitat requirements such as grizzly bears (Forman et al., 

2003; Mace et al., 1999; McLellan & Shackelton, 1988), cougars (Chetkiewicz & Boyce, 2009) 

and wolverine (Krebs, Lofroth, & Parfitt, 2007) that exhibit avoidance behavior towards road 

surfaces.  Planning highway mitigations for target species averse to human development requires 

an understanding of habitat selection and animal movements (Chetkiewicz & Boyce, 2009); an 

understanding of where they want to be, not just where they are found, or worse, killed.  

Spatial data on animal movements and landscape attributes can be used to develop a 

resource selection function (RSF), which is a predictive model that determines the probability of 

an individual animal selecting a given piece of habitat (Boyce & MacDonald, 1999; Manly, 

McDonald, Thomas, McDonald, & Erickson, 2002; Nielsen, Boyce, Stenhouse, & Munro, 2002). 

Resource selection functions have been widely used in North America to identify attributes of 

high quality bear habitat. As grizzly bears move, they select habitat to satisfy ecological needs 

such as foraging, mating, denning and rearing of young (McLellan & Hovey, 2001; Mace et al., 

1999; Proctor, McLellan, & Strobeck, 2002).  Mace et al. (1999) tracked grizzly bear movement 

using very high frequency (VHF) radio collars and used the resulting spatial data to build a RSF 



Habitat Linkages and Highway Mitigation 6 
 

for bears in northern Montana. Results showed that female grizzly bears move among habitat 

patches depending on seasonal food availability.  McLellan and Hovey (2001) identified two 

habitat selection strategies at play in grizzly populations occupying the Flathead River drainage 

of south eastern British Columbia.  Mountain resident bears selected avalanche chutes at higher 

elevations during spring, while elevationnally migrating bears moved to low elevation riparian 

habitats (McLellan & Hovey, 2001). Both groups of bears selected summertime habitat that was 

burned by wildfire 50-70 years prior (McLellan & Hovey, 2001).  Nielsen, Stenhouse, and Boyce 

(2006) used telemetry-based habitat models to identify five habitat states used by grizzly bears 

that were categorized as; non-critical habitats, secondary habitats (low-quality and secure), 

primary habitats (high-quality and secure), secondary sinks (low-quality, but high risk), and 

primary sinks (high-quality and high risk). Grizzly bears move through this landscape mosaic in 

a non-random way that is determined by how habitat patches are valued and spatially arranged 

(McLellan & Hovey, 2001).   

Resource selection functions have also been used to locate wildlife habitat linkages for 

black bear (Ursus americanus) in Banff National Park, Alberta, Canada (Clevenger et al., 2002). 

Clevenger et al. (2002) found that empirically-based RSF habitat models performed as well as 

expert literature-based models. RSF models are built on spatially explicit habitat data and are 

therefore less biased in their representation of habitat selection than models based solely on 

expert-opinion (Clevenger et al., 2002).   

 Resource selection functions provide insight into the spatial configuration of landscapes 

by identifying patterns of habitat use (Chetkiewicz & Boyce, 2006) whereas least-cost path 

(LCP) analysis is used to determine the path of least resistance for an animal traveling among 
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high quality habitat patches, or areas with high RSF values.  Chetkiewicz and Boyce (2009) 

created a series of RSF models and used LCP analysis to identify travel corridors for grizzly bear 

and cougar (Puma concolor) among high-quality habitat areas.  LCP analysis based on RSFs 

provides a quantitative and repeatable way of identifying conservation corridors (Chetkiewicz & 

Boyce, 2009).  Connectivity models have been developed for desert bighorn sheep (Ovis 

canadensis nelson) based on spatially explicit genetic data (Epps et al., 2007).  Epps et al. (2007) 

concluded that least-cost models can be used to improve the process of wildlife translocations for 

maintaining connectivity. 

Electric circuit theory has recently been introduced as a new class of connectivity model 

that evaluates multiple dispersal pathways among high quality habitat patches (McRae, Dickson, 

Keitt, & Shah, 2008).  Circuit theory has been used to complement LCP analysis on wolverine 

(Gulo gulo) (McRae & Beier, 2007) and mountain goats (Oreamnos americanus) (Shafer et al., 

2012).  Circuit theory analysis builds on RSFs and LCPs to provide a habitat dispersal surface 

that incorporates both habitat values and wildlife dispersal patterns.  Circuit theory-derived 

habitat values can be used to compare, classify and prioritize wildlife linkage areas across 

highways.  

Ideally, highway mitigations should be located to benefit multiple species.  Given finite 

resources for research, a study focusing on multiple species is unrealistic. Grizzly bears were 

chosen as a representative species for several reasons. Grizzly bears are sensitive to human 

alteration of the landscape to the degree that the Committee on the Status of Endangered Wildlife 

in Canada as listed grizzly bears as a species of “Special Concern”. Grizzly bears are classified 

as “Threatened” in Alberta and are on British Columbia’s Blue List for species of special 
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concern (British Columbia Ministry of Environment, 2012; Alberta Ministry of Environment and 

Sustainable Resource Development, 2012). As a result of these designations, grizzly bears are a 

high conservation priority in National Parks (Parks Canada, 2010).  Grizzly bear range has been 

reduced to a fraction of its former size due to human intolerance, habitat loss and habitat 

fragmentation (Mattson & Merrill, 2002).  Yet they are a wide-ranging species that commonly 

cross habitat boundaries and human developments (Gibeau, Clevenger, Herrero, & 

Wierzchowski, 2002).  Grizzly bears are omnivorous predators and show little resiliency to 

changes in habitat and food availability (Weaver, Paquet, & Ruggiero, 1996), and they are 

among the first species to be displaced from habitat as a result of human development (Gibeau et 

al., 2001).  For these reasons, they are seen as a good indicator species, in that the health of 

grizzly bear populations is representative of other elements of the terrestrial ecosystem (Gibeau 

et al., 2001). 

Here, I develop a RSF for grizzly bears in the area of Mount Revelstoke and Glacier 

National Parks, situated in the Columbia Mountain Range of south eastern British Columbia, 

Canada.  I then use values generated from the RSF in a least-cost path analysis to identify grizzly 

bear travel corridors between patches of high quality habitat (Chetkiewicz et al., 2006; 

Chetkiewicz & Boyce, 2009; Shafer et al., 2012).  I then apply algorithms founded in electric 

circuit theory (McRae et al., 2008) to complement least-cost path analysis by identifying and 

prioritizing areas of high animal movement probability for future highway wildlife crossing 

mitigations. My research is designed to answer the following question: 
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Where should highway crossing mitigations for wildlife be located in Mount Revelstoke 

and Glacier National Parks to facilitate grizzly bear dispersal across the TCH and ultimately 

promote ecosystem connectivity? 

My study is key element within a broader strategy for highway wildlife crossing 

mitigation planning. Prior to building highway wildlife crossing mitigations, it is essential that a 

carefully designed monitoring program be developed to assess the performance of mitigations in 

meeting their design goals (Clevenger & Wierzchowski, 2006).  Lesbarrères and Fahrig (2012) 

outline 5 steps for including research on mitigation effectiveness in a road construction project.  

Prior to construction of mitigations, the connectivity impacts of the road must be determined 

(Step 1) and goals for mitigations must be identified (Step 2).  Mitigation goals should include 

quantitative targets for individual species, based on previously identified connectivity impacts.  

The findings of my study can be used to identify mitigation locations and control sites (Step 3).  

Monitoring for mitigations and control sites should include “before” data on animal movement to 

provide baseline data for post mitigation comparison.  Post-construction monitoring of 

mitigations (Step 4) should continue with the same protocols for monitoring animal movements 

at the mitigation and control sites.  Step 5 involves analyzing the monitoring data and reporting 

on the goals outlined in step 2. By following these steps, managers will know if mitigation 

efforts were not successful, partially successful or completely successful in reaching their targets 

for ecosystem connectivity (Lesbarrères & Fahrig, 2012).  
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Methodology 

Study Area 

My study area is located in the Columbia Mountains of southern British Columbia, 

Canada. Rogers Pass is situated at the center of the study area, 82 Km west of the town of 

Golden (Figure 1). The climate is typical of British Columba’s interior wet belt, characterized by 

high annual precipitation, heavy snowfall, and relatively moderate winter temperatures. The 

study area is approximately 7,000 km
2
 with elevations ranging from 438 m to 3,355 m. This 

range of elevation gives rise three distinct biogeoclimatic (BEC) zones: Interior Cedar-Hemlock, 

Engelmann Spruce-Subalpine Fir, and Alpine Tundra (Krajina, 1959). Dense stands of western 

hemlock (Tsuga heterophylla) and western red cedar (Thuja plicata) dominate the valley bottoms 

and Engelmann spruce (Picea engelmanii) and subalpine fir(Abies lasiocarpa) cover mid to 

upper elevations.  Elevations above 2,000 m are dominated by alpine environments that include 

herbaceous meadows, low shrubs, alpine tundra, non-vegetated habitats and glaciers. Rugged 

mountainous terrain with steep v-shaped valleys creates avalanche paths that comprise over 17% 

of the land cover. In snow free months, avalanche paths produce several food sources important 

to foraging bears including, glacier lilies (Erythronium grandiflorum), spring beauties (Claytonia 

lanceolata), and cow parsnip (Heracleum lanatum). 



Habitat Linkages and Highway Mitigation 11 
 

Figure 1. Map of Mount Revelstoke and Glacier National Parks and the focal study area in the 

Columbia Mountains of southeastern British Columbia. 

 

Mount Revelstoke and Glacier National Parks account for approximately 15% of the 

study area and protect 260 km
2
 and 1350 km

2 
of land, respectively. Mount Revelstoke has a 26 

km double-lane road that gives tourists access to an alpine trail network. Glacier National Park 

has an extensive backcountry trail network and is a popular destination for both winter and 

summer recreationalists. Together, these national parks protect high-quality montane wildlife 

habitat from surrounding activities such as widespread timber harvesting, mining and helicopter 

skiing (Krebs et al., 2007). 

The ecological integrity of national parks is undermined by being bisected by a national 

transportation corridor. The TCH runs through the study area, and directly through Glacier 

National Park, with summer traffic volumes exceeding 20,000 vehicles per day (D. Roy, Parks 
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Canada Highway Service Centre, personal communication, September 3, 2012). Additionally, a 

two-track transcontinental railway runs parallel to the TCH throughout the extent of the study 

area. Both the TCH and railway reduce wildlife permeability (Hurley et al., 2009; Wells, Woods, 

Bridgewater, & Morrison, 2000) and are a source of direct wildlife mortality through train and 

vehicle collisions (Dobson & Lynes, 2008).  Proctor, Paetkau et al. (2012) found that genetic 

fragmentation exists among grizzly bear populations within the study area, perhaps as a result.  

Data Sources 

Grizzly Bear Telemetry Data 

 Grizzly bear telemetry locations were collected during the West Slope Bear Research 

Project (WSBRP) between 1994 and 1999 (Woods & McLellan, 2000).  The WSBRP 

investigated the ecology and population dynamics of black and grizzly bears in the area 

extending from Glacier National Park in the West to Yoho National Park in the East (McLellan 

et al., 1999). The program was administered through the cooperation of The Columbia Basin 

Fish and Wildlife Compensation Program, British Columbia Ministry of Environment, Parks 

Canada and other supporting organizations (Woods & McLellan, 2000). Included in the program 

was the identification of barriers to bear movement (Munro, 1999), and assessing the impact of 

human activities on bears in the area of the Columbia Mountains (Gibeau et al., 2001).  

Trapping of adult (>5 years) and sub-adult (2-3 years) grizzly and black bears occurred 

during 1994-1999.  Grizzly bears were captured using snares and helicopter darting at both high 

and low elevation sites. Captured bears were equipped with radio telemetry collars and collared 

grizzly bears were located weekly by fixed-wing aircraft during daylight hours.  WSBRP 

researchers estimated an average aerial telemetry location error of 150m, based on the location of 
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den sites and test radio collars (Munro, 1999; J.G. Woods, personal communication, May 2012). 

In the 5-year period of the WSBRP, 59 grizzly bears were fitted with radio-collars and located a 

total of 1758 times (Figure 2). 

Grizzly bear telemetry locations were imported into ArcGIS 10.0 (Environmental 

Systems Research Institute, Inc., Redlands, CA, USA) for analysis (Figure 2).  The majority of 

telemetry locations were clustered around the study area where trapping efforts were focused.  

There were however, several distant outlying points that had the potential to skew model 

development within the study area. Outliers likely represented dispersing males or individuals 

traveling on the fringe of their home range (Proctor, McLellan, Strobeck & Barclay, 2004). 
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Figure 2. Grizzly bear locations determined by aerial radio telemetry during the West Slope Bear 

Research Project. 
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To exclude outliers and assign boundaries for subsequent model development, a core area 

of active use or area of interest (AOI) was identified. The AOI was delineated using a 95% by 

volume isopleth of kernel density estimation, a technique widely used for establishing home 

range polygons in habitat analysis (Jaremovic & Croft, 1987; Seaman & Powell, 1996). The 

“kde” and “isopleth” tools from Geospatial Modeling Environment (GME) (Spatial Ecology 

LLC, 0.7.0 retrieved from www.spatialecology.com), an ArcGIS extension, were used to create 

the AOI polygon.  The kernel density estimator tool, kde, was used to convert the grizzly 

telemetry location data to a raster representing density probabilities (Figure 3).  Default settings 

for kde were used with a Gaussian kernel, a cell size of 50 and the specified bandwidth was the 

plug-in estimator. The resulting output was a smooth raster surface whose values could be used 

to specify the extent of the AOI. The GME isopleth tool was used to create an isopleth of the 

kernel estimation. Various isopleth quantiles ranging from 70% to 95% were tested for creating 

the AOI polygon. The 95% isopleth was selected because it effectively excluded outliers and 

rendered a sufficiently sized polygon for model development.  The AOI excluded 55 outlying 

telemetry locations, leaving 1703 analysis points in an area of 6324 km
2
 (Figure 4).  
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Figure 3. 95% Kernel density estimation 

used to exclude outliers.    

        

Figure 4. Map showing the 95% isolpleth 

area of interest (AOI) used for RSF model 

development

 

To facilitate model evaluation, grizzly bear telemetry locations were separated into two 

habitat use datasets.  An 80% random sample from all the analysis points was used for RSF 

training data. The remaining 20% was withheld for model evaluation using a k-fold cross 

validation technique (Boyce, Vernier, Nielsen, & Schmiegelow, 2002; Nielsen et al., 2002; 

Proctor et al., 2012).   Analysis points were not separated by season or sex, since the goal of this 

research is to locate multi-seasonal highway wildlife mitigations for both male and female 

grizzlies.  
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Geographic Data 

Potential predictive variables for grizzly bear habitat selection included 26 GIS layers 

with 100-m pixel resolution (Table 1).  All predictive variables were obtained in their current 

refined condition from Dr. Michael Proctor of Birchdale Ecological Ltd.  GIS layers for 

predictive variables were originally derived from TRIM (Terrain Resource Information 

Management), BTM (Baseline Thematic Mapping), and VRI (Vegetation Resource Inventory) 

spatial data. Variables for human developments, including highways, were digitized from 

1:50,000 topographic maps and orthographic photos. Landsat imagery was used to produce the 

greenness coefficient, which provides an index of leafy vegetation productivity. A digital 

elevation model (DEM) was used to construct the terrain-based variables of elevation, solar 

radiation, compound topographic index (CTI) (a wetness index derived from slope and upstream 

contributing area), and terrain ruggedness index (TRI). 

Covariates used to train RSF models are habitat attributes that can be used to predict the 

probability of an animal using any particular resource (Manly et al., 2002). One of the primary 

motivations for dispersal among grizzly bears is the search and acquisition of food sources 

(McLellan & Hovey, 2001). Predictive variables included in RSF development were selected 

because of hypothesized correlations among bear food resources and human activities (Apps, 

McLellan, Woods, & Proctor, 2004; Mace et al., 1996; Nielsen et al., 2002; Proctor et al., 2012).  

Forest cover variables have been identified as predictors of both habitat selection and avoidance 

(Apps et al., 2004; Nielson et al., 2006; Proctor et al., 2012). Grizzly bear food resources are 

frequently found in alpine, avalanche, burn and riparian habitats, promoting foraging in these 

areas (Mace et al., 1996; McLellan & Hovey, 2001; Proctor et al. 2012). These ecological 
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variables are frequently correlated to greenness coefficient, another predictor of grizzly bear 

habitat use (Mace et al., 1996; Stevens & Theberge, 2005). Transportation corridors and other 

human developments have been shown to influence grizzly habitat selection (Chetkiewicz & 

Boyce, 2009; Gibeau et al., 2001, 2002). 

Table 1.  Description and characteristics of predictive variables used to develop a multi-variable 

Resource Selection Function model of grizzly bear habitat in the area of Mount Revelstoke and 

Glacier National Parks.  

 

Variable Group Variable Name Abbrev. Units Data Range 

Forest Cover     

 Canopy Cover cc Percent 0-100 

 Recently logged rlog Categorical 0 or 1 

 Burn Area burn Categorical 0 or 1 

 Douglas fir dfir Categorical 0 or 1 

 Spruce/ fir essf Categorical 0 or 1 

 Deciduous decid Categorical 0 or 1 

 Interior Cedar/ Hemlock ch Categorical 0 or 1 

 Young forest ‹ 100 yfor Categorical  0 or 1 

 Old forest › 100 ofor Categorical 0 or 1 

 Age age Years 0-899 

Land cover     

 Alpine alpine Categorical 0 or 1 

 Avalanche aval Categorical 0 or 1 

 Riparian rip Categorical 0 or 1 

Ecological     

 Greeness greenpr Continuous 0.002-0.997 

 Elevation dem m 271-3732 

 Ruggedness tri Unitless 0-1008 

 Wetness cti Unitless 3.4-27.2 

 Solar Radiation solar kj/m
2
 218-29494 

 Aspect aspect degrees 0-360 

 Bare ground-rock bare Categorical 0 or 1 

Human     

 Highway hwy Categorical 0 or 1 

 Human Development  hop Categorical 0 or 1 

 Forest Roads road Categorical 0 or 1 

 Protected Areas park Categorical 0 or 1 
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Data Analysis 

Resource Selection Functions 

 RSF models were created by following the model fitting procedures of Hosmer and 

Lemeshow (2000) (Chetkiewicz & Boyce, 2009; Proctor et al., 2012).  All statistical 

computations, including the development of logistic regression models (RSFs), were conducted 

using the statistical software package, STATA (Version 10.0, Intercooled, College Station, Texas 

USA).   

A RSF expresses the probability of selection of an area of habitat, or resource unit 

(Manly et al., 2002).  RSFs are based on the relationship between selected habitat (telemetry 

locations) and available habitat.  Available habitat was identified by introducing 5,000 randomly 

located points in the AOI, using the ArcGIS “create random points” tool (Chetkiewicz & Boyce, 

2009; Proctor et al., 2012).  Random points and grizzly locations points were intercepted with 

predictive habitat variables (Table 1) using the “isectpntrst” GME analysis tool. Values for each 

point / variable intersect were added to the grizzly bear location and random point attribute 

tables.  

All predictive habitat variables were tested for pairwise correlation using Pearson 

correlation coefficients.  Variables were excluded from use in the same model where the 

correlation index (r) was ≥0.7.  The explanatory power of each variable was then evaluated 

individually using logistic regression.  Variables were ranked for their significance (influence on 

habitat selection) using the pseudo R
2
 statistic (Proctor et al., 2012). Continuous variables were 

tested for non-linear relationships by introducing a quadratic term for univariate logistic 
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regression.  The form (linear or quadratic) that returned the highest pseudo R
2
 statistic was 

selected to represent the variable.  

Predictive habitat variables were added to multi-variable logistic regression models 

sequentially beginning with the highest ranking pseudo R
2 

(Table 3).  Models were compared 

after the addition of each variable. To determine if additional variables improved the explanatory 

power of the model, the model’s likelihood and pseudo R
2
 were compared to those of previous 

model incarnations. Variables were retained in the model when its inclusion increased the pseudo 

R
2
 > 0.003. When a variable only increased the pseudo R

2
 < 0.003, it was not retained.  Akaike 

information criterion (AIC) was used to determine the best model among candidate models and 

discourage “over fitting” by penalizing models with too many variables.  

The best model was developed into a raster layer using the “raster calculator” tool in 

ArcGIS.  A discrete choice model equation was used to calculate the raster layer where the 

weighting factors for each variable are the variable’s coefficient values from the “best model” 

iteration (Manly et al., 2002), with the function in Equation 1. 

Equation 1. Function used for development of the RSF raster surface. 

 

   ( )     (                 )        (                  

         )   

In this equation, w(x) is the RSF and β1 is the coefficient for the predictive habitat variable x1 of z 

covariates.  
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Models were tested for the Hosmer and Lemeshow Goodness-of-Fit between frequencies 

of expected and observed points within binned RSF scores.  Model predictability was tested by 

evaluating classification accuracy, which represents the proportion of correctly classified 

telemetry locations that have RSF values higher than a probability cut-off point. The optimal cut-

off point was the determined by intersecting sensitivity and specificity curves (Proctor et al., 

2012, Swets 1988).  The cut-off point represents the minimum RSF value for which the model 

predicts bear habitat selection.  

RSF models were developed using an 80% random sample of all telemetry points, with 

the remaining 20% withheld for model evaluation (Boyce et al., 2002; Chetkiewicz & Boyce, 

2009; Proctor et al., 2012).  A k-fold cross-validation technique, where k=5, was used compare 

the predictability of the model (Proctor et al., 2012; Wiens, Dale, Boyce, & Kershaw, 2008). 

RSF scores for the model training dataset (80%) and the withheld dataset (20%) were ranked and 

binned into 10 categories that were area adjusted for their availability within AOI (Boyce et al., 

2002; Proctor et al., 2012). For each of the 5 k-fold iterations, a different random subset 

containing 20% of the telemetry locations was sampled until all points were used. Spearman’s 

correlation test was used to compare the predictive abilities of the model training dataset and the 

withheld dataset (Boyce et al., 2002; Chetkiewicz & Boyce, 2009; Proctor et al., 2012).  

Least-cost Path Analysis 

 The RSF habitat model was used to identify areas of high-quality bear habitat (high RSF 

value polygons) to serve as source and termini zones for least-cost path analysis (Chetkiewicz & 

Boyce, 2009).  RSF scores were binned into nine categories and reclassified based on the top 

three bins which represented the highest value habitat. The re-binned raster surface was 
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converted into polygons using the ArcGIS “raster to polygon” conversion tool. The area, 

perimeter and centroid were calculated for each of the resulting polygons using GME analysis 

tools. High-value RSF polygons were selected based on guidelines for minimum security areas 

for female grizzly bears in mountainous terrain (BCEAG, 1999; Chetkiewicz & Boyce, 2009) 

and recommendations from local experts (J.G. Woods, personal communication, May 2012). 

Ideal habitat patches were 3-5 km
2
 and 1-2 km wide.  Habitat patch distance from the TCH was 

based on the average minimum convex polygon home range for grizzly bears in the West Slope 

Bear Research Project. An additional habitat patch was selected from a smaller polygon near the 

TCH (Cougar Valley), in an area known for frequent bear activity and human/wildlife conflict.  

An equal number of high-value RSF polygons were identified north and south of the TCH.  

 The inverse of the RSF habitat model was used to develop a cost surface for least-cost 

path analysis. The cost surface raster was obtained by calculating ([w(x)]
-1

) using the ArcGIS 

“raster calculator” tool.  This simple translation assumes that pixels with high RSF values have a 

lower cost to animal movement than those with low RSF values (Chetkiewicz & Boyce, 2009; 

Shafer et al., 2012). The “cost distance” and “cost path” tools from ArcGIS were used to create 

least-cost pathways between the centroids of high-value RSF polygons.  Least-cost paths were 

identified between each of 12 high-value RSF polygons.  LCPs were converted from raster to 

polylines and buffered to 350 m to adhere with guidelines for carnivore dispersal corridors 

(BCEAG, 1999; Chetkiewicz & Boyce, 2009). High-probability highway crossing areas were 

identified using the ArcGIS “intersect” tool, revealing areas where multiple LCPs intersect the 

TCH.  Clustered TCH / LCP intersection points were spatially joined, buffered, and converted to 
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polygons to represent distinct high-probability highway linkage zones for potential highway 

wildlife crossing mitigation efforts.  

Circuit Theory 

 Circuit theory analysis was used to complement least-cost path analysis (McRae & Beier, 

2007; Shafer et al., 2012) by providing a ranking mechanism for high-quality highway linkage 

zones and to identify linkage “pinch points” where connectivity is most tenuous. All circuit 

theory analysis was done in Circuit Scape 3.5.6 (Circuitscape, 2009, retrieved from 

http://www.circuitscape.org).  Current maps were developed showing multiple pathways 

between all 12 high-value RSF polygons (focal nodes).  Current volume, as displayed on a 

current map, is analogous with expected net animal movement probabilities for animals moving 

through the corresponding landscape. Higher current volumes indicate high habitat permeability 

associated with habitat linkage corridors (McRae et al., 2008). Pairwise and all-to-one modeling 

modes were selected for current map iterations between focal nodes and the cell connection and 

calculation scheme was set to eight neighbours (McRae & Shah, 2011).  The inverse RSF habitat 

model was used as the input habitat raster map which acted as a resistance (cost) surface.  

 Centroids from highway linkage zone polygons were displayed on the cumulative current 

map.  The current volume was calculated for the area surrounding each centroid, buffered at 

2000 m.  Current densities were used to classify highway linkage zones to assist in prioritizing 

highway wildlife crossing mitigation efforts.  Additionally, the current maps were inspected for 

pinch points representing locations where connectivity is most tenuous. Tenuous linkages were 

identified as they may have a high conservation priority for land managers.  

http://www.circuitscape.org/
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Results 

Resource Selection Functions 

 RSF models were developed using 1703 radio telemetry locations from 59 grizzly bears. 

The variables “terrain ruggedness index (TRI)” and “slope” tested positive for collinearity using 

Pearson correlation test and were not included in the same models.  The predictive variable, 

greenness, had the highest individual explanatory power (highest pseudo R2 value) (Table 2).  

The results in Table 3 show the AIC table used for multivariate model building.  

The best model was parsimonious (low AIC value, high pseudo R2 contained the 

variables greenness, elevation, elevation
2
, avalanche, highway, Engelmann spruce / subalpine fir, 

burn, park, riparian, canopy closure, and cedar hemlock (Tables 2, 3 and 4, Figure 5). Canopy 

closure and the quadratic of elevation had an inverse (negative) relationship to grizzly bear 

habitat selection.  All other variables related positively. 
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Table 2.  Predictive variables used in Resource Selection Function analysis. Selection is 

signified by a + symbol and avoidance by a – symbol. Double symbols (++ or --) indicate the 

variable was included in the best multi-variable model. 

Variable Pseudo R
2
 Selection/ Avoidance 

Greenness 0.0774 ++ 

Elevation
2
  0.0446 -- 

Alpine 0.0414 - 

Elevation 0.0372 ++ 

Highway 0.0176 ++ 

Avalanche 0.0152 ++ 

Englemann spruce / subalpine fir 0.0141 ++ 

Burn 0.0112 ++ 

Forest Age 0.0104 + 

Park 0.0097 ++ 

Ruggedness 0.0082 - 

Wetness 0.0078 + 

Forest roads 0.0075 + 

Riparian 0.0067 ++ 

Cedar / Hemlock 0.0054 ++ 

Slope 0.0046 - 

Recently logged 0.0032 + 

Canopy closure 0.0016 -- 

Deciduous 0.0006 neutral 

Access 0.0001 - 

Solar 0 neutral 
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Table 3. Multivariate model design using Akaike information criterion (AIC)

Models Log 

likelihood 

Number of 

observations 

Pseudo R
2 

p 

value 

Number of 

variables 

+1 

AIC 

value 

zeroone greenpr hwy aval dem2 dem essf burn 

park rip cc ch -2835.72 6362 0.1417 0 12 5695.49 

greenpr hwy aval dem2 dem essf burn park rip cc -2846.1 6362 0.1386 0 11 5714.24 

greenpr hwy aval dem2 dem essf burn park rip -2861.93 6362 0.1338 0 10 5743.89 

greenpr hwy aval dem2 dem essf burn park -2870.15 6362 0.1313 0 9 5758.32 

greenpr alpine hwy aval dem2 dem essf burn -2904.87 6362 0.1208 0 9 5827.77 

greenpr alpine hwy aval dem2 dem essf -2931.81 6362 0.1126 0 8 5879.63 

greenpr alpine hwy aval dem2 dem -2953.89 6362 0.1059 0 7 5921.79 

greenpr alpine hwy aval -2962.31 6362 0.1034 0 5 5934.63 

greenpr alpine hwy -2970.56 6362 0.1009 0 4 5949.13 

greenpr alpine -3009.65 6362 0.0891 0 3 6025.30 

greenpr -3042.8 6362 0.079 0 2 6089.60 
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Figure 5. Resource Selection Function (RSF) predicting grizzly bear habitat selection in the 

study area. Higher quality habitat patches are represented in green and darker green. 

Table 4. Best model for predicting grizzly bear habitat use in the area of Mount Revelstoke and 

Glacier National Park.  

Variable Coefficient Standard error Probability 
95% Confidence 

Interval 

    Lower Upper 

Greenness 7.566738 0.7733328 <0.001 6.051034 9.082443 

Highway 1.009623 0.1460876 <0.001 0.7232968 1.29595 

Avalanche 0.3642658 0.0903567 <0.001 0.1871699 0.5413617 

Elevation
2
 -9.47E-07 2.04E-07 <0.001 -1.35E-06 -5.47E-07 

Elevation 0.0022095 0.0006446 <0.001 0.0009461 0.0034728 

ESSF* 0.8000951 0.0812132 <0.001 0.6409201 0.9592701 

Burn 0.981473 0.1733584 <0.001 0.6416968 1.321249 

Park 0.6811084 0.0771385 <0.001 0.5299198 0.832297 

Riparian  0.407889 0.1253561 <0.001 0.1621955 0.6535825 

Canopy Closure -0.0101729 0.0016335 <0.001 -0.0133745 -0.0069714 

Cedar Hemlock 0.7820953 0.1677627 <0.001 0.4532865 1.110904 

_cons -7.837029 0.6680187 <0.001 -9.146322 -6.527737 
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I found no significant difference between observed and predicted habitat selection 

(Pearson method goodness of fit chi
2 

0.9946). The 10-bin Hosmer and Lemeshow Chi
2
 goodness 

of fit test yielded failing probability, typical with high sample size of random points used for 

telemetry location analysis. Figure 6 shows that expected and observed binned values were very 

close, suggesting a good fit of the model to the data (Proctor et al., 2012).  

Although 79.58% of all points were correctly classified, only 6% of grizzly locations 

were correctly classified above the cut point (0.66) for quality habitat. The number of grizzly 

bear location points available for use in analysis was relatively small compared to the number of 

random points required to identify the composition of habitat available for selection by grizzly 

bears.  The high ratio of random points to grizzly location points influenced the sensitivity and 

specificity of the model, returning results that were highly specific with low sensitivity.  More 

grizzly bear location points were correctly classified in model iterations with fewer random 

location points, however these models did not identify high-quality bear habitat at the specificity 

required for the objectives of this study.  

All k-fold model iterations supported the same best model with minor coefficient 

variation. The binned area adjusted RSF scores of the model building dataset (80%) and the 

model validation dataset (20%) were related with a Spearman’s correlation of 0.91274, 

suggesting a very good fit. The Spearman’s correlation values were averaged among the five k-

fold iterations (Figure 7).  

 

  

      *Engelmann spruce / sub alpine fir 
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Figure 6. Expected versus observed binned RSF scores for the best model, used to map habitat for 

grizzly bears in the area of Mount Revelstoke and Glacier National Parks in the Columbia Mountains 

of British Columbia. 



Habitat Linkages and Highway Mitigation 30 
 

Figure 7. K-Fold Evaluation graph comparing the area-adjusted predictability of the model 

development dataset (80%) and the model validation dataset (20%) in the area of Mount 

Revelstoke and Glacier National Parks in the Columbia Mountains of British Columbia. 
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Least-cost Path Analysis 

 

A total of 12 high-value bear habitat polygons were identified; 6 on the North side and 6 

on the South side of the TCH (Figure 8, Table 5). Habitat patches were selected if they met the 

existing criteria for female grizzly bear security requirements.  Each high-value polygon is 

centered in area of generally good bear habitat.  

The centroid of each high-value habitat polygon also formed the source and terminus for 

least-cost path analysis among polygons and these latter were used to identify travel corridors 

between each of the high-value habitat polygons (Figure 9). A total of 36 LCPs were identified.  

Several LCPs occupied the same valley as TCH transportation corridor, crossing the highway 

several times such that in total, least-cost paths intersected the TCH a total of 466 times.  

Identification of highway linkage zones was based on the assumption that bear highway 

crossings increase where the highway directly bisects high quality bear habitat and topographic 

features promote lateral, cross-valley movement (Clevenger et al., 2002). Stretches of the TCH 

with clustered LCP were identified as highway linkage zones (Figure 9, Table 6), representing 

areas suitable for highway wildlife mitigations.  
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Figure 8. High-quality habitat patches based on high ranking RSF values and area security 

requirements for female grizzly bears. 

Table 5. High-Quality Habitat Patches 

Polygon Id* Name 

Centroid Coordinates  

UTM 11 U Area (Km
2
) 

  Easting Northing  

N1 North Klotz 429464 5666252 4.81 

N2 West Woolsey Creek 433001 5667969 3.45 

N3 Clachnacudiann 428334 5657299 5.00 

N4 Cougar Valley 458327 5681073 0.41 

N5 Mountain Creek West 451274 5692886 6.70 

N6 Mountain Creek East 461713 5698820 1.98 

S1 Incomappleux 457861 5660719 6.43 

S2 Incomappleux East 466454 5669573 2.06 

S3 Beaver Valley 30 Mile 479432 5660633 2.67 

S4 Beaver Valley 20 Mile 476018 5669930 3.24 

S5 Copperstain Pass 477787 5684061 5.49 

S6 Grizzly Creek 477897 5689034 4.61 

*N = North of TCH, S= South of TCH    
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Figure 9. Map showing least-cost travel corridors between high-value habitat patches and 

highway linkage zones. 

 

Circuit Theory 

Circuit theory was used to generate current maps among high-value habitat polygons. I 

found 36 dispersal pathways between each north/south pairing of high-value habitat polygons 

and developed a cumulative current map to display current “volumes” among all 12 high-value 

habitat polygons (Figure 10).  The cumulative current map was used to determine the current 

volume flowing through the center of each highway linkage zone buffered at 2000 m (Figure 11, 

Table 6).   
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Figure 10. Cumulative current map for dispersal pathways between 12 high-value habitat 

patches.  

 

Table 6. Highway Linkage Zones and current volume 

Linkage 

Zone ID 

Linkage Name Easting 

UTM 11 U 

Northing 

UTM 11 U 

Current Volume 

Unit-less, akin to 

total Ampere 

capacity 

a. Clachnacudiann 435003 5658698 0.1615 

b. Woolsey Creek 440296 5666104 0.2260 

c. Flat Creek 453141 5675419 0.3402 

d. Cougar Valley 459981 5678740 0.4163 

e. Beaver Valley 469185 5687718 0.3315 

f. Beaver River 468713 5692611 0.2364 
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Figure 11. Current maps showing habitat linkage zones overlapping the TransCanada Highway 

at Clachnacudiann (a), Woolsey Creek (b), Flat Creek (c), Cougar Valley (d), Beaver Valley (e), 

and Beaver River (f).  Red points represent the centroid of each linkage zone.  The surrounding 

circle buffers each centroid by 2000 m and forms the boundary for calculating linkage zone 

current volume. 
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Discussion 

  Using RSF mapping combined with least-cost path analysis and circuit theory, I found 6 

linkage zones on the TCH bisecting MRGNP that would be suitable for grizzly bear habitat 

crossing structures.  These linkage zones are clusters of high quality grizzly bear habitat that 

intersect the TCH and link to other high quality habitat within the study area.  While there are 

some limitations to the analysis I conducted due to error around the VHF telemetry data, 

correspondence between the LCP and circuit theory outputs suggests that the findings are robust.   

Grizzly bear movement throughout much of their active season is primarily motivated by 

the search for and acquisition of food.  Predictive variables used to develop the RSF model were 

chosen because of their link to food availability and for their prevalence across the entire study 

area. The RSF model scored particularly high for greenness, which is an index for leafy 

vegetation, associated with bear food plants in a variety of habitat types (Clevenger et al., 2002; 

Proctor et al., 2012; Stevens & Theberge, 2005).   Greenness was also identified as an important 

variable for grizzly bear habitat selection by Apps et al. (2004) and Mace et al. (1996). Habitats 

with high greenness values typically include riparian, avalanche paths, and alpine areas; all of 

which have been linked to bear food resources (Mace et al., 1996; McLellan & Hovey, 2001).   

Univariate analysis of predictive habitat variables showed positive correlations for both 

riparian areas and avalanche paths but correlated inversely with alpine habitat in the study area, 

which is atypical of other grizzly bear habitat studies (Apps et al., 2004; Proctor et al., 2012).  

Alpine habitat encompasses several ecotypes over a spectrum of vegetation communities ranging 

from herbaceous meadows, to low shrubs, to alpine tundra, and finally non-vegetated habitats 

and glaciers (Krajina, 1959).  The Selkirk Mountains found in my study area are among the most 
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rugged, steep and glaciated mountains in the Columbia Mountain Range. The mean terrain 

ruggedness index (tri) was compared between my study area (mean tri = 115.89) the Selkirk 

South study area (mean tri = 80.9) used by Proctor et al. (2012) and it was found that on average, 

the mountains in my study area are more rugged. Much of the alpine habitat in the study area is 

comprised of non-vegetated, barren habitat that includes steep rocky peaks and vast ice fields, all 

of which produce little or no bear food.   

It was generally expected that grizzly bears would exhibit selection behaviour for 

protected areas and exhibit avoidance behaviour for human developments, forest roads and major 

highways.  Contrary to these expectations however, univariate analysis showed a strong positive 

correlation for the highway corridor.  Highway corridors through mountainous terrain are 

typically located in valley bottoms, thereby usurping the largest, most productive habitat on the 

landscape (Clevenger & Wierzchowski, 2006; McLellan & Shackleton, 1988).  Similar to 

backcountry valley bottoms, the highway corridor contains grizzly bear foraging resources in 

riparian zones and lower elevations of avalanche paths. Additionally, edge habitat adjacent to the 

highway corridor is a dispersal pathway and rich growing medium for high-value bear food 

plants (Spellerberg & Gaywood 1993).  The least-cost path analysis conducted in this study 

suggests that grizzly bears use habitat adjacent to the highway to connect core backcountry 

habitats.  This suggests that avoidance of human elements may be lower priority for bears than 

exploiting high quality food sources (Gibeau et al., 2002) or taking advantage of dispersal 

networks (Clevenger & Wierzchowski, 2006).  

All variables used to develop the RSF correlated positively with grizzly bear habitat 

selection except for canopy closure and the quadratic of elevation (elevation
2
). Negative 
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associations for canopy closure can also be interpreted as a positive association for canopy 

openness, which is representative of areas where more light reaches the forest floor allowing for 

increased undergrowth development and consequently more bear food resources.  A negative 

correlation for elevation
2
 rejects mid-elevation regions where bear foods occur less with the 

exception of avalanche paths.  The univariate results for elevation
2
 can be interpreted as a 

positive correlation for productive valley bottoms and upper tree-line habitats.  Building a habitat 

model from positive variables allows for the identification of high-quality habitat irrespective of 

human use (Proctor et al., 2012). 

 When the RSF model was validated though the Chi
2
 goodness-of-fit test and the 

Spearman Correlation test between independent datasets, it was shown to be a good predictor of 

grizzly bear habitat selection.  When validated for classification above the sensitivity / specificity 

cutoff point, the RSF had a high specificity for predicting habitat quality and low sensitivity for 

correctly classifying grizzly bear telemetry locations.   The grizzly bear occurrence dataset that 

was available for developing the model contained VHF radio telemetry points and had few 

location points relative to the number of random location points needed to identify habitat 

available for selection within the study area. Modern GPS telemetry collars in wildlife habitat 

studies provides much more spatial data than the traditional radio collars that were available 

during the West Slope Bear Research Project.  Increasing the number of telemetry locations 

points relative to the amount or random points would improve the reliability of the predictive 

model, and potentially validate the current model.  For my objectives, the specificity of grizzly 

bear habitat prediction generated from the RSF was sufficient for mapping corridors and linkage 
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zones understanding that the management solution to the bear connectivity problem will be to 

target only the very highest probability linkage areas for mitigation.  

 Least-cost path analysis, when complemented by electric circuit theory, is a practical 

method for determining the best and most likely wildlife dispersal corridor among high-quality 

habitat patches.  LCPs are one cell wide (100 m), and although they can be buffered to estimate 

travel corridors at specific dimensions, they are limited in that they only display one possible 

path (the best) out of many possible alternatives.  Electric circuit theory complements least-cost 

path analysis by presenting every possible dispersal corridor as (electrical) current volume 

(McRae & Beier, 2007). Current volume maps area displayed as a continuous value raster 

surface similar to RSFs.  Where current maps and RSFs differ is that current maps incorporate 

wildlife movement between a starting point and terminus (high-value habitat patches) and RSFs 

only identify habitat quality independently of an animal’s ability to inhabit that patch.  In this 

study, LCPs were used to identify highway linkage zones and current maps were used to classify 

them as high-volume or tenuous linkages.  

 The sum of current volume was calculated for the center of each linkage zone, buffered at 

2000 m.   In the context of this study, current volume is a unitless value (akin to total amperes) 

designed to classify the potential “flow” or “capacity” of linkages.    Managers are faced with 

two distinct options when appropriating highway wildlife mitigation efforts.  Mitigation efforts 

could be focused on high volume connections such as Cougar Valley (0.4163) and Beaver Valley 

(0.3315), or alternatively efforts could be focused on tenuous connections such as 

Clachnacudiann (0.1615).  Habitat available around high volume linkages is most important for 

grizzly bear dispersal, and likely is already being used for highway crossing.  Mitigation efforts 
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focused on high volume linkages would likely be used more often by wildlife and be perceived 

as successful measures for ecosystem connectivity. Tenuous linkages may represent connections 

at risk of being severed and their maintenance, through mitigation efforts, may significantly 

improve ecosystem connectivity.  This highlights the weakness of using telemetry data to 

identify habitat and movement areas, as habitat quality is tied to current utilization which may 

not always be the same as long-term importance.  High-quality linkage areas that are 

underutilized due to, for instance, human development will not be appropriately classified.  This 

is particularly true of landscapes dominated by human development, where animals are not 

necessarily where they want to be.  To provide context for management decision making, current 

volumes were utilized to classify rather than rank highway linkage zones.  

Strengths and limitations 

 

The AOI used to develop the RSF model overlapped with 50% of the study area. The 

RSF model was extrapolated into the remaining 50% study area which is composed of habitat 

and terrain represented in the AOI.  Although the predictive variables used to develop the RSF 

are ubiquitous across both the AOI and the study area, models will always be abstractions of 

reality and validation of the extrapolation is required.  Additional grizzly bear occurrence data is 

needed to test the validity of the extrapolation of the RSF from the AOI to the remaining 50% of 

the study area for which there is presently insufficient grizzly bear occurrence data.  Proctor et al. 

(2012) created a grizzly bear RSF model for the Southern Selkirks using Global Positioning 

System (GPS) telemetry points from 28 grizzly bears and extrapolated it into adjacent regions 

(Cabinet Mountains and US Selkirk). To validate the extrapolation, Proctor et al. (2012) used an 

independent data set of GPS telemetry points from 5 grizzly bears occupying the extrapolation 
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area. Using modern GPS radio collar technology, an independent validation data set could be 

developed for my study area with minimal effort involving few collared grizzly bears.  

While GPS and VHF radio telemetry collars are useful in determining habitat 

associations, they cannot be used on their own to analyze and characterize highway crossing 

locations.  GPS collars collect location data at timed intervals that will not always correspond to 

the exact moment that an animal interfaces with the highway. Due to the lack of telemetry 

location points at highway crossings, additional analysis is needed to understand habitat selection 

near the highway.  Developing RSF habitat models in conjunction with least cost path analysis 

permits rigorous determination of highway crossing locations from GPS and VHF telemetry 

points.   

GPS radio collars have several advantages over VHF radio collars (Hebblewhite & 

Hayton, 2010).  At the time of the WSGBP, GPS collars were not available and researches used 

VHF technology to gather grizzly bear telemetry locations (Woods & McLellan, 2000).  

Although there is an inherent imprecision to GPS locations, they are considered far more precise 

and accurate than VHF locations (Frair et al., 2010).  More accurate location data ultimately 

contributes to more accurate RSF models and improved determination of grizzly bear habitat. 

Tremendous amounts of time and effort (aerial observation flights) are required to gather each 

VHF telemetry location, resulting in relatively small datasets. Conversely, GPS telemetry data is 

recorded automatically at preset intervals and large amounts of data can be remotely accessed 

and downloaded.  The ease with which GPS locations are retrieved make GPS collars especially 

suited to studies involving wide-ranging species such as grizzly bears (Hebblewhite & Hayton, 
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2010).  The systematic and frequent recording of animal locations by GPS collars facilitates 

greater resolution in RSF mapping (Johnson & Ganskopp, 2008).   

The expense of GPS collars often means that few are deployed thus data from a few 

individuals.  Large datasets gathered with few animals can potentially reduce statistical rigor and 

be less representative of population trends (Hebblewhite & Hayton, 2010).   Proctor et al. (2012) 

developed a grizzly bear RSF with 31,000 GPS location points from 28 bears and Chetkiewicz 

and Boyce (2009) developed a grizzly bear RSFs with 10,643 GPS location points from only 4 

bears.  Using VHF data, the WSBRP dataset contained 1,703 location points which is low 

relative to other studies (Chetkiewicz & Boyce, 2009; Proctor et al., 2012). The WSBRP dataset 

included 59 bears, a large number relative to other RSF studies on bears (Chetkiewicz & Boyce, 

2009; Proctor et al., 2012). As a result of low number of location points, the predictive ability of 

my RSF was low, however the model remained representative of the study area grizzly 

population due to the large number of bears sampled. Additional data collected for further model 

training and validation should be collected using GPS collars to maximize the predictive ability 

of models, while also making an effort to get data from several animals representative of the 

population. 

 Fine-scale animal location data such as VHF and GPS telemetry points must be matched 

with high resolution measures of resource availability to produce precise RSF models 

(Hebblewhite and Hayton, 2010). The precision of my RSF was limited in part by the resolution 

of the predictive variables used to develop the model, which were mapped at a cell resolution of 

100 m (Table 1). Landscape-level, categorical variables such as avalanche and alpine represent 

various vegetation types, ranging from low to high-value bear food sources. Correlation of bear 
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use to these areas may be exaggerated by an association with a particular food source that is not 

represented consistently by that variable.  As a result, correlations may be falsely extrapolated 

through RSF models. High-resolution vegetation coverage maps should be developed for these 

variables to identify correlations with specific vegetation within each region. To remove this 

source of error, high-resolution predictive variables should be used in model development, as 

they become available.   

The findings presented in my study can be used by park managers to inform decisions 

regarding the placement of highway wildlife crossing mitigations; however additional research 

could help resolve uncertainty. Highway linkage zone locations were determined through 

rigorous analysis of grizzly bear habitat selection data. Although grizzly bears are considered a 

representative indicator species due to their broad habitat requirements and sensitivity to human 

developments and population fragmentation (Chruszcz et al., 2003; Northrup et al., 2012; Carrol 

et al., 2001), a multi-species approach would improve the usefulness of crossing mitigations to 

the entire ecosystem (Clevenger & Wierzchowski, 2006).  Existing data on habitat requirements 

and dispersal patterns for woodland caribou (Rangifer tarandus) (Apps & McLellan, 2006; Apps, 

McLellan, Kinley, & Flaa, 2001), wolverine (Gulo gulo) (Krebs et al., 2007; Kyle & Strobeck, 

2001; Lefroth & Krebs, 2007) and other ungulates (Hurley et al., 2009) should be incorporated 

into the decision making processes on highway wildlife crossing mitigations.  Little information 

is available regarding local habitat requirements and movements of cougars (Felis concolor), 

wolves (Canis lupus) and mountain goats (Oreamnos americanus).  Research on these species 

should be conducted to adopt a true multi-species approach to ecosystem connectivity. 
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Continued monitoring of wildlife movements through radio collaring studies is required 

to generate occurrence data to further train the accuracy of the RSF models and validate their 

extrapolation.  In addition to telemetry locations, anecdotal wildlife observations can be used to 

validate RSF models habitat linkage zones. MRGNP resource conservation staff maintains a data 

base with approximately 30 years of anecdotal wildlife observations from park staff, visitors, and 

motorists. An effort should be made to find spatial correlations of wildlife observations in this 

database and proposed sites for highway wildlife mitigations. 

Summary and Management Implications 

 

I developed a RSF habitat model using 1,703 telemetry location points from 59 grizzly 

bears in the MRGNP area of the Columbia Mountains. This RSF was shown to be representative 

of grizzly bear habitat selection when validated against an independent dataset.  I used least-cost 

path analysis to identify 6 highway linkage zones that represent potential locations for highway 

wildlife crossing mitigations in MRGNP (Table 6, Figure 9).  The linkage zones were further 

classified using electric circuit theory, providing managers with a context with which to 

prioritize locations for mitigation efforts (Table 6, Figure 11). My research provides park 

managers with critical data on grizzly bear travel corridors and habitat linkage areas across a 

transportation corridor that grows less permeable with ongoing increases in traffic volume.  

Maintaining ecosystem connectivity is a key conservation strategy in the MRGNP management 

plan (Parks Canada, 2010). This research is a timely contribution to park management planning 

for ecological integrity, due to rising anthropogenic pressures that are fragmenting habitat and 

compromising large animal persistence.   
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